Mitochondrial DNA (mtDNA) gene expression is coordinately regulated pre-and 21 post-transcriptionally, and its perturbation can lead to human pathologies. 22 Mitochondrial ribosomal RNAs (mt-rRNAs) undergo a series of nucleotide 23 modifications following release from polycistronic mitochondrial RNA (mtRNA) 24 precursors, which is essential for mitochondrial ribosomal biogenesis. Cytosine N 4 25 methylation (m 4 C) at position 839 of the 12S small subunit (SSU) mt-rRNA was 26 identified decades ago, however, its biogenesis and function have not been elucidated 27 in details. Here we demonstrate that human Methyltransferase Like 15 (METTL15) is 28 responsible for 12S mt-rRNA methylation at C839 (m 4 C839) both in vivo and in vitro. 29 We tracked the evolutionary history of RNA m 4 C methyltransferases and revealed the 30 difference in substrates preference between METTL15 and its bacterial ortholog rsmH. 31 Additionally, unlike the very modest impact on ribosome upon loss of m 4 C 32 methylation in bacterial SSU rRNA, we found that depletion of METTL15 33 specifically causes severe defects in mitochondrial ribosome assembly, which leads to 34 an impaired translation of mitochondrial protein-coding genes and a decreased 35 mitochondrial respiration capacity. Our findings point to a co-evolution of 36 methylatransferase specificities and modification patterns in rRNA with differential 37 impact on prokaryotic ribosome versus eukaryotic mitochondrial ribosome. 38 39 Key words: m 4 C methylation, mt-12S rRNA, mitochondrial tranlsation 40 49 50 Prokaryotic and eukaryotic cytoplasmic rRNAs contain more than 30 and 200 51 modified sites, respectively, but only around 10 modifications are found in the 52 mitochondrial rRNAs (4, 5). These modifications are located at the functionally 53 important regions of mitoribosome, such as the decoding center (DC) of the small 54 subunit (SSU), suggesting that these modifications might be retained due to their 55 essential roles ( 5, 6) . The best characterized example is the TFB1M-mediated 56 dimethylation on the two highly conserved sites, A936 and A937, at the 3′-end of the 57 mt 12S rRNA, which is necessary for the assembly of the SSU (7, 8) . The NOP2/Sun 58 RNA Methyltransferase 4 (NSUN4) forms a complex with MTERF4 to catalyze m 5 C 59 methylation at the position 841 in mt-12S rRNA and to coordinate the mitoribosome 60 assembly (9, 10) However, enzymes for m 4 C and m 5 U (uracil) methylation in 61 4 mammalian mitochondrial rRNAs remain to be identified (6, 11). 62 Mitochondrial diseases may be caused by mutations in mitochondrial DNA (mtDNA) 63 (12), but growing evidence suggests that defects in the nuclear genes involved in 64 mitochondrial RNA modifications can also lead to human mitochondrial diseases . For 65 instance, loss of TFB1M results in mitochondrial dysfunction that leads to impaired 66 insulin secretion and diabetes (13). A missense mutation in pseudouridylate synthase 1 67
INTRODUCTION
Mitochondrial gene expression requires a series of inter-connected processes 42 encompassing mtDNA replication and repair, mitochondrial RNA (mtRNA) 43 transcription, maturation and mitoribosome assembly (1, 2). The mt-RNAs, especially 44 rRNAs and tRNAs, are subjected to extensive enzyme-mdiated modifications, which 45 play key roles in RNA stability, RNA structure, and mitochondrial ribosome assembly 46 (3, 4). Some of these modifications are deposited co-transcriptionally or immediately 47 after transcription, while others occur when the rRNA is assembled into the 48 pre-ribosomal particle (3-5). 5 In this current study, we demonstrate that human METTL15 protein, encoded by a 83 nuclear gene, is localized in mitochondria and is responsible for methylation of 12S 84 mt-RNA at C839 in vivo and in vitro. Furthermore, we demonstrate that 85 METTL15-dependent modification of 12S mt-rRNA is necessary for mitoribosome 86 maturation. Our study reveals that methylation of 12S mt-rRNA m 4 C839 by 87 METTL15 is an important epitranscriptome modification, critical for efficient 88 mitochondrial protein synthesis and respiratory function. 
RESULTS

91
METTL15 is a mitochondrial protein associated with 12S mt-rRNA 92 METTL15 is a member of the methytransferase like (METTL) family, characterized 93 by the presence of a binding domain for S-adenosyl methionine, which is a 94 methyl-group donor for methylation reactions (18, 19) . Through phylogenetic analysis, 95 we found that METTL15 is highly conserved during evolution and is an ortholog of 96 the bacterial methylatranferase, rsmH (Figure 1A) , which is responsible for the 97 N 4 -methylation of m 4 Cm1402 in 16S rRNA in almost all species of bacteria 98 ( Supplementary Figures S1A)(20) . Given its similarity with rsmH, we wondered 99 whether METTL15 is also a m 4 Cm methyltransferase for rRNA. To address this 100 possibility, we purified SSU rRNA fragments containing C1402 or its equivalent 101 nucleotide from four representative species and measured the levels of m 4 Cm by 102 HPLC-MS/MS. We didn't detect any meaningful levels of m 4 Cm in the cytoplasmic 7 mitochondrial genome-encoded RNAs, expecially mt-12S and mt-16S rRNA, but not 112 cytoplasmic RNAs such as 18S rRNAs, are found to be associated with the HA tagged 113 METTL15 in an RNA immunoprecipitation experiment (RIP) (Figure 1B) . 114 Consistently, immunofluresence experiments showed that METTL15 is exclusively 115 localized in the mitochondria, dependent on its putative mitochondria-targeting 116 signals (MTS) ( Figure 1C) 120 To unambiguously identify the in vivo methylation sites modified by METTL15, we 121 profiled the mitochondrial RNA methylome in wildtype (WT) and METTL15 122 knockout (KO) cells using RNA bisulfite sequencing (RNA BS-seq), which detects 123 both m 5 C and m 4 C cytosine modifications in RNAs (23). The RNA BS-seq revealed 124 that in the absence of METTL15, the methylation level of mt-12S C839 is 125 dramatically decreased from 58% to near background level (0.9%), which suggests 126 that methylation of mt-12S C839 may be mediated by METTL15 (Figure 2A and 2B) . 127 To validate the BS-seq results, we designed sequence-specific primers to amplify a 128 145 nucleotoide (nt) region surrounding C839 from bisulfite-treated RNA samples 129 and employed targeted sequencing (detailed procedure in the Methods) to examine the Figures S2C) . Importantly, the methylation level of m 4 C839 can be 133 fully rescued by wild type METTL15, but not a catalytically compromised mutant 134 METTL15 (GA mutant: 108GSGG112 to 108ASAA112) (Supplementary Figures 135 S2C)(24), which strongly supports the hypothesis that METTL15 is responsible for 136 m 4 C839 on 12S mt-rRNA in vivo and is consistent with a very recent study (25). 137 Interestingly, the neighbouring methylation site, m 5 C841, which is catalyzed by 138 NSUN4 (9), is reduced (but not eliminated) upon METTL15 deletion. In addition, the 139 m 5 C841 reduction could be fully restored by reintroducing wild type METTL15 and 140 partially restored by enzymatically inactive METTL15, suggesting METTL15 might 141 regulate the installation of m 5 C841 by NSUN4 in both enzymatic activity-dependent 142 and independent manner (Supplementary Figure S2C) . 187 As METTL15 is localized in mitochondria, we first investigated the effect of 188 METTL15 deletion on mtDNA copy number and transcription of mitochondrial 189 genome-encoded genes. We found METTL15 deletion only causes minor changes of 11 sucrose gradient were detected by the presence of 12S and 16S mt-rRNA, respectively. 196 According to the protein complex density, the first peak of 12S rRNA (fraction 8) 197 represents SSU, while the first peak of 16S rRNA (fraction 9) represents LSU, and the 198 co-fractionated peaks (fractions 12 and 13) represent the mature ribosome. The 199 co-fractionation ratio of 12S and 16S mt-rRNAs in METTL15 KO cells was 200 significantly reduced (compared with factions 12-13 in wildtype cells), thus 201 identifying a major defect in mitoribosome assembly. In addition, the ratio of mRNA 202 encoded by mitochondrial genome was also significantly reduced in the 55S mature 203 monosomes (fractions 12-13), indicating compromised translation efficiency, which 204 was consistent with the observed mitoribosome assembly defects (Figure 4A and 4B) . 205 Western blotting results of two representative mitochondrial protein-coding genes, 206 COX2 and ND6, showed that the levels of the protein products were also reduced 207 significantly. (Figure 4C) . Importantly, the translational defects of the 208 mitochondria-encoded genes could be rescued by wild type METTL15 but not the 209 catalytic mutant (Figure S4D ), suggesting the function of METTL15 on 210 mitoribosome is m 4 C849 dependent. These data thus demonstrate that the methylation 211 mediated by METTL15 is critical for mitoribosomes maturation and mt-mRNA rRNA, quantitative analysis of rRNA modifications finds that the modification events 258 seem to occur in a 5′-to-3′ sequential order: from 5′ body domain, the 3′ head domain, 259 to 3′ minor domain (30). In this current study, we found that m 4 C839 methylation 260 appears to precede m 5 C841 and important for the nearby m 5 C841 methylation, 261 suggesting crosstalk between modifications of the two nearby residues. Furthermore, 
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